This paper presents a cohesive zone model based finite element analysis of delamination resistance of z-pin reinforced double cantilever beam (DCB). The main difference between this and existing cohesive zone models is that each z-pin bridging force is governed by a traction-separation law derived from a meso-mechanical model of the pin pullout process, which is independent of the fracture toughness of unreinforced laminate. Therefore, two different traction-separation laws are used: one representing the toughness of unreinforced laminate and the other the enhanced delamination toughness owing to the pin bridging action. This approach can account for the large scale bridging effect and avoid using concentrated pin forces, thus removing the mesh dependency and permitting more accurate analysis solution.
Introduction
To improve the delamination resistance in carbon fibre reinforced composites, several through-thickness reinforcement techniques have been developed, e.g. stitching [1] , z-fibre pinning (or z-pinning) [2] [3] [4] [5] , and tufting [3, 6] . Stitching and tufting are effective toughening methods, but can only be applied to composites made from resin infused fabric preforms. Zpinning has attracted larger interest in its application in the aircraft structures, because it is the only through-thickness toughening technique that can be readily applied to composite joints made of prepreg materials. When a delamination crack propagates, z-pins provide traction forces that restrict the crack opening displacement and increase the fracture toughness [7, 8] .
A number of models have been developed for predicting delamination suppression in zpinned laminates. These models are either analytical [9] [10] [11] [12] [13] or numerical using the finite element method [7, [14] [15] [16] . Z-pin bridging effect is modelled by averaging the bridging forces over the entire reinforced area [9] [10] [11] [12] [14] [15] [16] , or by the classic beam theory [11] [12] [13] , or nonlinear springs exerting concentrated traction force at the pin location [7, [13] [14] 17] . A review of these approaches is given in Section 2.2. However, using average surface traction forces is more appropriate for tufted or stitched laminates due to the smaller diameter and closer distance of these reinforcement threads. Since the space between adjacent z-pins is usually much larger causing the characteristic slip-stick behaviour, enhanced fracture toughness is not best represented by the average fracture toughness. On the other hand, using concentrated pin forces in models can cause stress singularity problem and consequently the computational solution can be mesh dependent. To overcome these difficulties, cohesive zone models (CZM) have been used recently for modelling adhesive failure or delamination in unpinned laminates with encouraging results [17] [18] [19] [20] [21] [22] . Compared with alternative analysis techniques such as the virtual crack closure technique (VCCT) [23, 24] , CZM has the capability to model both crack initiation and crack propagation. This paper presents a cohesive zone finite element model for predicting progressive delamination in z-pinned laminate. It is different from the current methods in the open literature that use either average value of enhanced fracture toughness or CZM for unpinned area only. Rather, two separate cohesive laws are employed to represent the delamination toughness of the unpinned and pinned areas, respectively. The local forces exerted by pins can better represent the large scale bridging effect without introducing stress singularities.
Background

Energy balance during crack bridging
For crack extension da, the strain energy release rate G can be expressed as:
where d, dW and dU are respectively the increase of the potential energy, work done by external force and elastic strain energy of the system, and B the width of test specimen.
The critical strain energy release rate   total C G required for unit crack extension in pinned laminates can be regarded as the sum of two contributions: the material intrinsic fracture toughness needed for creating new crack surface   C G and the increased energy dissipation rate due to z-pin bridging effect   pin C G , eq. (2):
According to the Griffith theory [25] , fracture occurs when:
Fracture toughness of unpinned laminate C G is a material property, but the energy dissipation rate due to the pins pin C and insertion density, as well as the crack opening displacement.
pin C G is mostly due to the energy absorption during the pin's frictional pullout process and can be calculated by:
where i P is the bridge force exerted by an active z-pin in the crack wake and i u the crack opening displacement at the respective pin location.
For a fracture process such as in-plane fibre bridging characterised by having a crack wake bridging area that is smaller than any other specimen dimension, the delamination suppression mechanism is called small scale bridging (SSB). For stitched, tufted and z-pinned laminates, due to the pin frictional pullout process, the bridging length is usually of the same order of the laminate thickness resulting in the so-called large scale bridging (LSB) mechanism. Some researchers consider the bridging effect provided by the through-thickness reinforcements to have a constant bridging length and therefore, total C G can be calculated by averaging the energy dissipation rates over the reinforced area [10, 17] . However, this assumption seems more appropriate for SSB than LSB; in the latter case the pin bridging force varies during the fracture process and thus, total C G is not a constant value. Therefore, enhanced fracture toughness should be evaluated by accounting for the two energy contributions separately [7] .
Existing z-pin models
Experimental and theoretical analyses have been performed on z-pinned laminates under the mode-I, mode-II and mixed mode load conditions [4, 5, 8] . Models have been developed to predict the enhanced fracture toughness and suppressed delamination crack growth rate under the mode-I load condition. Two main approaches are: (1) z-pin forces are averaged over the bridging area and their contribution is counted as traction force, which is function of the local delamination displacement [9, 10, 12] ; (2) each pin traction is treated as a concentrated force acting at the pin location and governed by a non-linear force-displacement relation [7, 11, 17, 26] . When the first approach is employed, the bridging relation is defined as either a stressdisplacement relation [9, 10] or the stiffness of an elastic foundation [12] .
The use of CZM to model delamination and adhesive failure has yielded encouraging results.
Owing to the mixed strength/energy based failure criterion, initial crack is not needed in the model. The CZM approach is different from the classic fracture mechanics, postulating that crack initiation and growth is no longer a sudden or abrupt event, but a gradual degradation process of the material ahead of the crack tip until complete failure. CZM can be readily implemented into a FEM code. The zone ahead of the crack tip is called the process zone. The traction between the two crack surfaces is described as a function of the crack opening displacement and the relation is usually referred as the traction-separation law (TSL). CZM has been used for modelling delamination of unpinned laminates under the mode-I, mode-II and mixed mode I/II loading conditions with encouraging results [18, 20, 21] . Recently, attempts have been made to use CZM to model through-thickness reinforcement in mode-I condition. Sun and Jin developed a FE model using a cohesive-bridging law to account for the energy contribution due to in-plane fibre bridging [19] . A similar approach was adopted by
Dantuluri et al. to simulate delamination in z-pinned double cantilever beam (DCB) [17] .
However, the TSL used in both works was based on the average value of strain energy dissipation rate due to the pins over the whole fracture surface. This kind of approach is more suitable to the SSB where the energy contribution due to bridging can be considered as an improved material property.
Ratcliffe and O'Brien developed an analytical model of z-pinned DCB using discrete springs with a bilinear damage model, similar to the CZM approach, to model the pin progressive pullout from a laminate [13] .
Z-pin failure process
In some models, traction force exerted by z-pin is treated as a function of the displacement between the two surfaces of delamination crack whether or not the force is averaged over the bridging length. This bridging-law can be obtained from a single-pin pullout specimen by either experimental testing [4] or numerical modelling [27] . Models have been developed for the mode I, mode II, and mixed mode load conditions [10, [28] [29] [30] [31] .
There are three phases in z-pin bridging process: (1) pin is initially stretched under the applied load, (2) pin then debonds from the surrounding laminate, and (3) pin is progressively pulled out due to increasing delamination displacement. The shear stress at the pin/laminate interface is the main mechanism putting the pin under axial stress. The cohesion is initially due to the chemical bond and then the friction resistance caused by the contact stresses (thermal residual stresses) at the pin/laminate interface induced by the curing process at elevated temperature.
Experimental tests have shown that only one side of the pin slides out while the other side remains anchored to the laminate. Usually the side with the chamfer head (used to facilitate pin insertion) is more likely to debond and then be pulled out [4] .
The debonding phase starts as soon as the maximum shear stress reaches the shear strength of the bond interface. The average shear stress a  at the disbond onset and the corresponding maximum pullout force are, respectively:
where (z) is the shear stress variation along the pin surface, d is the pin diameter, * h is the embedded pin length between the laminate delamination plane and the pin chamfer end.
The pin pullout phase takes place immediately after the disbond onset. The average friction stress f  and the maximum pullout force max, f P at the beginning of the pullout are respectively:
Fig. 1 shows two typical pin pullout behaviours observed from experiments [4, 32] . First, the pullout force will reach its maximum, at which point disbond occurs at the pin/laminate interface. After this point there could be a sudden load drop before the frictional pullout phase (Fig. 1a ) depending on the friction resistance that can be represented by the ratio of  a / f .
Force drop occurs if the ratio is great than one; and the higher the ratio, the larger the drop.
If a / f ≤1, then there is no sudden force drop and the force vs. displacement curve has a characteristic bilinear shape (Fig. 1b) .
Modelling strategy
The objective of this research is to develop a FEA tool using the cohesive zone model (CZM)
for predicting progressive delamination growth under the z-pin bridging effect. The modelling strategy is presented in Fig. 2 . The idea is to use a respective CZM law for the unpinned area and pinned locations. The unpinned CZM is governed by the laminate intrinsic toughness, whereas enhanced delamination toughness due to the pin bridging is used in the pin locations.
To realise this goal, multi-scale models have been developed. Firstly, the pin bridging force is evaluated by a meso-mechanical model of single-pin pullout process. The resultant bridging law is then implemented into a macro-scale structural model at each pin location.
This approach can account for the local effect caused by z-pins, avoiding either averaging the pin forces over the whole reinforcement area or using concentrated traction forces. The large scale bridging effect of pins is therefore better represented, especially for lower pin densities, permitting more accurate analysis. This work is aimed at the mode I load condition, but it should be possible for the model to be further developed to the mode II and mixed mode conditions by using corresponding pin bridging laws.
Single-pin pullout model (meso-scale)
Model assumption
Numerical model presented here is taken from the experimental test published in [4] . Test specimen was made of 32 unidirectional plies of IMS/924 prepreg resulting in 4 mm nominal thickness. A thin film was inserted in the mid plane to separate the laminate into two halves to avoid any interaction between the two parts. A z-pin of 0.51 mm diameter was inserted by an ultrasonic hammer. A 10 x 10 mm test piece was then cut off with the z-pin positioned in the middle as shown in Fig. 3a . Two end-tabs were bonded to the laminate free surfaces to facilitate load application in the test machine. The test was performed under displacementcontrolled loading condition and the resultant force was recorded.
Only the part of the specimen in the half containing the pin chamfer tip was modelled as indicated in Fig. 3b . The chamfer is not considered to influence the pin pullout resistance;
hence the model thickness (h*) is reduced by the height of the chamfer (d). The rest part of the specimen beyond the model domain is assumed to have linear elastic behaviour that was modelled by an elastic spring with stiffness k. Fig. 4a shows half of the model domain due to symmetric geometry.
An axi-symmetric FE model was used as shown in Fig. 4 . It is based on the observation of a resin-rich pocket around the pin, of about 5-6 pin diameters, caused by the pin insertion.
Considering that laminate properties in the cross fibre direction are dominated by the resin matrix, material surrounding the pin is assumed as homogeneous and isotropic.
Experimental observation has pointed out that the initial debonding phase gives a negligible contribution to the energy absorption, therefore the pullout resistance is considered being caused by the friction force only [9, 27] . This friction resistance results from the compressive residual stresses around the pin due to the curing process. Since the coefficient of thermal expansion of the carbon-fibre pin is a magnitude smaller than that of the surrounding resin dominated material, the resin matrix shrinks more than the pin after cooling down from the elevated cure temperature to room temperature, resulting in compressive residual stress acting along the pin in the radial direction.
The model uses a surface to surface algorithm to calculate the normal contact stress and the coulomb friction. The curing process is modelled by applying a temperature change from 180°C to 25°C. Thermal residual stresses are calculated and saved in the model as the initial condition in order to maintain displacement compatibility. A pullout force is then applied at the pin top surface under the displacement controlled loading condition. Numerical simulation runs until the pin is completely pulled out.
It should be noted that the main energy dissipation mechanism accounted by this model is the friction resistance during the z-pin pullout process. However, when pins are inserted into a thicker laminate (e.g. > 8-10 mm), pin's failure mode may switch from pullout to pin rupture.
The latter failure mode is not accounted for by the present model, which limits the model's application to only the thinner laminates. However, energy dissipation in the pin final rupture failure is much smaller than that in the pin pullout process.
Numerical results
Commercial FE software package ABAQUS v6.9 was used for the analysis. Axi-symmetric quadrilateral quadratic elements (CAX8) are used in the model. Converged numerical results were achieved uisng the mesh shown in Fig. 4b ; a refined mesh at pin-laminate interface, where the stresses are higher, and a relatively coarse mesh away from it. Material properties used in the analysis are given in Table 1 (z-pin) and Table 2 MPa. Second, at the maximum applied load, the surrounding laminate is subjected to shear deformation resulting in the pin under high shear stress at the pin end (Fig. 5b) , which in turn increases the contact pressure at the lower part of the pin (Fig. 5a ). This increased contact pressure adds extra resistance to the pin pullout. The level of this contact stress is related to the laminate shear deformation, which depends on the aspect ratio of embedded pin length to pin diameter, h * /d (Fig. 3b) . Therefore, the average friction resistance cannot be regarded as a constant for different geometries. Fig. 6 shows the dependency of average shear stress on the ratio h * /d. The larger the ratio, the lower the average shear stress will be.
Calculated pin pullout force vs. displacement relation under displacement controlled loading condition was correlated with the test measurement in [4] where the pullout force suddenly drops to zero. This is due to the much lower contact stresses close to the laminate free surface and the consequently much reduced friction resistance (Fig.   5a ). 
DCB model (macro-scale)
Geometry and model description
Pinned and unpinned DCB test specimens taken from [5] were modelled. Geometry and dimension are shown in Fig. 8 . Each specimen was made of 24 plies of unidirectional prepreg of IMS/924 resulting in 3 mm nominal thickness † . Mechanical properties of the laminate are summarised in Table 2 . An initial crack of 50 mm length was made by inserting a thin polyamide film in the mid-plane of the specimen. Z-pins were made of pultruded T300/BMI.
Pinned area starts 5 mm from the initial crack tip ‡ lasting 25 mm in length and covering the entire specimen width. Three pin configurations of variable pin diameter and pin areal density were modelled; these parameters are summarised in Fig. 8 insert.
Two different FE models have been developed: a complete model (referred as "whole" model in this paper) representing half of the specimen geometry (Fig. 9a) , and a simplified "unit † Measured laminate thickness is 3.2 mm for unpinned and 3.3 for pinned specimens. ‡ The distance of reinforced area from initial crack tip is only 1 mm in the configuration 3 specimen (as labelled in Fig. 8 ).
strip" model (Fig. 9b) by exploiting the periodic pin arrangement. The unit strip represents one half of a pin row in the mid-width and the surrounding laminate of the dimension of a periodical repeating unit. The y-axis deformation is constrained; hence it neglects the freeedge effects. However, the much reduced model size allows significant saving in computational effort. In both models, 8-node linear continuum shell elements with reduced integration (designated as CS8R in ABAQUS) were used for the laminate beams and 8-node cohesive elements (COH8) for the bonding interface. Element size in cohesive zone is one fifth of the adjacent shell element (Fig. 9 insert) , in order to achieve numerical stability. This is essentially a 2D shell element model using one layer shell elements for each DCB arm and cohesive elements for the interface. The 3D view shown in Fig. 9 is a feature of the ABAQUS "continuum shell" element that has independent displacement degree of freedom enabling calculation of the rotation variables from the difference in nodal displacement between the element top and bottom surfaces.
Cohesive elements at the interface are governed by two different traction-separation laws: one for the unpinned laminate toughness and the other for pin enhanced toughness. For the unpinned laminate, published test data of unreinforced DCB were used to correlate the cohesive model parameters. Parameters of the bridging cohesive law were calculated by dividing the pin pullout force by the pin cross section area.
where u is the delamination opening displacement, T(u) is the bridging stress in the cohesive law and P(u) is the pullout force (derived from the meso-mechanical model). Fig. 7b shows a sketch of the traction-separation law indicating the physical meaning of the three parameters in a cohesive model. Values of these parameters used in the analyses are given in Table 3 .
In the whole model a symmetric boundary condition is applied along the longitudinal plane.
Boundary conditions of the unit strip model are set according to the pin periodic arrangement, i.e. the two longitudinal planes that delimit the unit strip are constrained in the y-axis direction. For both models load is applied by displacement controlled condition, i.e. a separation displacement δ is imposed at the delamination mouth.
Numerical results
Calculated force vs. displacement and crack extension vs. applied displacement for the three pin configurations and comparison with the test results in [5] are presented in Figs. 10 -12.
The first two cases (pin areal density A p = 2% with pin diameter d = 0.51 mm, and A p = 0.5% with d = 0.28 mm) were simulated by both the whole and unit strip models; the third case (A p = 2% with d = 0.28 mm) was modelled only by the unit strip model due to the excessive computational cost of the complete model.
All three cases show similar trends in the load-displacement curves that are also plotted together in Fig. 13 . Following observations are made. First, an elastic response is observed at the beginning, and the initial delamination crack starts propagating at the same load level (about 41 N) for the pinned and unpinned specimens. This indicates that initial delamination growth before the crack tip entering the pinned region is controlled by the toughness of the plain resin regardless the specimen is pinned or not. Second, as soon the delamination crack starts growing the load has a small drop (at about 41 N). For the unpinned specimen the load decreases from here continuously and monotonically after the peak, whereas all pinned specimens can recover after the small load drop and pick up much more loads. Pin bridging effect starts as soon as the delamination crack passes the first pin row. Crack tip is shielded from the crack opening force when pins are bridging the crack wake; consequently crack growth slows down (Fig. 13b ) and the load recovers from the small drop at the delamination onset and increases to a maximum. Third, the crack bridging length is a good indicator of the reaches a saturate value at the maximum load; from this point onwards, whenever the delamination crack passes a new pin row, pins in the far end row of the bridging area will be pulled out, maintaining the "active" pin number almost constant. However, the bridging force of the active pins in the crack wake is not constant during delamination growth. This causes the characteristic "slip-stick" behaviour, which is demonstrated by the oscillating force curve after the peak force.
For the same specimens, crack extension length vs. applied displacement is plotted in Figs. 10b-12b and also in Fig. 13b . It should be pointed out that in the experiment crack lengths were measured by visual observation; therefore the comparison of this parameter may be more qualitative than quantitative. For all three cases delamination crack starts growing at the same applied displacement. After an initial fast growth, crack growth rate become much slower in the first stage when the number of "active" pin at the crack wake increases. After the peak force, crack growth rate increases again. Final unstable failure occurs when the crack tip passes the pin reinforced area and the number of active pins in the crack wake drops to zero.
In all three cases the model has slightly underestimated the load capability, i.e. the model is conservative, with an error range of 5-10% (Fig. 13a) . For the crack extension prediction (Fig.   13b) , discrepancy between the model and experiment is much larger especially at the early crack growth stage (Δa = 0-15 mm), after which the model and experimental results are in reasonably good agreement. d=0.51 mm). It demonstrates that active pins in the crack wake shield the crack from suffering the full crack opening displacement. Consequently the pins are subject to high peel stresses.
The whole model predicts faster crack growth at the specimen centre (on the longitudinal symmetry plane) as depicted crack front profiles in Fig. 14a . Since the unit strip model represents a centre strip of the specimen containing the mid-row pins and neglects the free edge effect, the modelled crack front is just the crack tip position. Both models predict a bridging length equal to four pin pitch size (as indicated by the four active pins subjected to tensile stress), demonstrating therefore the large-scale bridging scenario.
Both the complete and unit strip models predict the same delamination growth and failure loads with negligible difference. However, the computation effort required by the whole model is significantly greater as the computing time is seven times higher. Comparison of the computational effort of the two models is given in Table 4 . Finally, this modelling approach can be applied for through-thickness reinforcement using larger diameter pins or rods in lower areal density.
Conclusions
A new cohesive zone model is developed for evaluating enhanced fracture toughness of zpinned laminates. Main contributions to the development of predictive models are: 1) Two separate cohesive laws are employed: one for the pins locations and another for the unpinned areas. It has enabled modelling the large scale bridging phenomenon manifested by z-pinned laminates. Once the specific pin bridging law is determined by either testing or modelling, the approach can be used for different pin arrangements.
2) For three pin configurations predicted delamination growth and failure loads using the unit strip model are in excellent agreement with those predicted by the whole model.
Computing time for the unit strip model is about 14% of that required by the whole model. Hence, the unit strip model can replace a complete model if pins are placed in a periodical pattern.
3) Prediction is in good agreement with test results in terms of load-displacement relation.
However, delamination extension is overestimated by about 20% compared to test measurement. 
